Tissue engineering for skin regeneration is closely related to advances in carrier materials for fibroblast. To investigate the optimal fibroblast scaffold, we developed a silk protein containing multiple (AlaGly-Ala-Gly-Ser-Gly) n sequences, and used it for in vitro evaluations of cell shape, adhesion and matrix production. NIH-3T3 fibroblasts were cultured on silk scaffold and on control culture plates. At 2 hr, fibroblasts cultured on silk scaffold showed roundrose shape, but cells spread on control plates. The numbers of adhesive fibroblasts were the same in both scaffolds, indicating that silk scaffold affects cell shape but not adhesive efficiency. To examine the effects of silk scaffold on cytoskeletal changes of fibroblasts, cells were applied to actin staining. Fibroblasts cultured for 2 hr on silk scaffold showed dense actin fibers which formed ring-like structures, while actin stress fibers were formed in cells cultured on control plates. In a long-term culture of 14 days, piled matrices produced by fibroblasts have been shown distinctly in cells cultured on silk scaffold compared with cells cultured on control plates. The expression of fibronectin mRNA was elevated in fibroblasts cultured on silk scaffold compared with control, but the expression of collagens, type I and type III, mRNAs was similar in fibroblasts cultured on both scaffold. These results indicate that silk scaffold influences cell shape and actin fiber, and enhances matrix production with increased fibronectin. Therefore, silk protein may be an useful scaffold for regenerative therapy in various
INTRODUCTION
Dermatological treatments for skin injury and defects need trials to develop graft materials using several biosynthetic approaches. 1) The autograft is the widely used method to heal certain wounds, however, the limitation of the autologous donor skin area is a crucial subject in terms of constant treatment. To establish a growth technique for autologous cells, supportive carrier materials have been widely investigated in the field of tissue engineering. Natural polymers, including collagen and hyaluronan, generally form the solid-state scaffold applied to tissue engineering. 2) Silk fibroin, a natural polymer, forms a solid scaffold, and can be applied to tissue engineering because of its flexibility for molding. Silk fibroin has been defined as an amino acid sequence containing repeated motifs (Gly-Ala-Gly-Ala-Gly-Ser) n in the protein. [3] [4] [5] Silk fibroin produced by Bombyx mori (B. mori), a silkworm, consists of two forms of fibroin, named silk I (silk structure before spinning) and silk II (silk structure after spinning). 6) We have found that the crystal structure of silk I consists of a repeated β-turn type II structure, whereas the biological activity of silk I protein as a scaffold for fibroblasts is still unknown.
Graft materials for skin wounds should have some features promoting cell viability and stability for epithelial and fibroblastic cells. Re-C 2010 The Pharmaceutical Society of Japan epithelialization of the wound is a critical factor for skin regeneration. 7) Production of extra-cellular matrix (ECM) is also an essential step for epithelial cell migration to the wound site, and the cells need a scaffold to cover a scar. Skin fibroblasts may contribute a major source of type I collagen production to build a cellular scaffold in wound healing tissues. Previous studies showed that silk-based biomaterials were compatible for use in cell cultures, [8] [9] [10] but the precise details for initial cell attachment and later matrix production have not been investigated. The first interaction between cells and the scaffold may be regulated by the cellular cytoskeleton, which transmits cell signaling and subsequent related gene expression. Then we focused on cell shape, adhesion, actin fiber formation, and matrix production of fibroblasts cultured on silk scaffold. Here, we show that silk I fibroin materialized to form film sheet can act as a cell scaffold to support fibroblast adhesion and ECM production with increased fibronectin.
MATERIALS AND METHODS
Cell Culture --NIH-3T3 mouse fibroblast-like cells were cultured in minimum essential medium (MEM) supplemented with 10% fetal bovine serum at 37 • C under 5% CO 2 in air. Silk Fibroin Scaffold --Silk fibroins from B. mori silkworms were degummed to remove silk sericin. The pure silk fibroin dissolved in 9 M LiBr solution was dialyzed against lyophilized water and then regenerated silk I fibroin film was prepared. The film was put on under a high humidity atmosphere for 24 hr at room temperature to form insoluble silk I film sheet (SILK I). 6) Immunofluorescence Staining --Cells were seeded on chamber-slides with or without silk fibroin film and cultured for 24 hr, then fixed with 4% paraformaldehyde in phosphate buffered salines (PBS). The cells were incubated with Alexa Fluor 488 labeled phalloidin (Invitrogen Corp., Carlsbad, CA, U.S.A.) to detect the cytoskeleton, and then applied to nuclear staining of 4 ,6-diamidino-2-phenylindole (DAPI). Images were obtained with an immunofluorescence microscope and recorded using DP20 and DP25 digital camera system (Olympus Corp., Tokyo, Japan). Reverse Transcriptase (RT)-PCR Analysis --Cells were seeded on a 12 well plate with or without silk film, cultured for 14 days, and the medium was replaced every three days. Total RNA was separately extracted from the cells cultured on a plate (control) or a SILK I using the acid guanidiumphenol-chloroform method. 11) For RT-PCR, cDNA was synthesized from 5 µg of total RNA by reverse transcriptase (Superscript II Preamplification System, Invitrogen), and the respective gene was amplified by PCR. The reaction condition for PCR was 30 cycles, denaturation at 94 • C for 45 s, annealing at 60 • C for 45 s, and extension at 72 • C for 2 min. The PCR product was run on a 1% agarose gel and stained with ethidium bromide. The primers used in PCR are listed below. Mouse collagen (col) 1a1; sense 5 -cat ggg tcc ttc tgg tcc tcg t-3 , antisense 5 -ctt gcc agc ttc ccc atc atc t-3 . Mouse col3a1; sense 5 -gat gca gcc acc ttg gtc agt cct atg-3 , antisense 5 -cag ttg gac atg att cac aga ttc-3 . Mouse fibronectin (FN); sense 5 -cct ggt tca aac tgc agt ga-3 , antisense 5 -acc cg gta gcc agt gag ctg-3 .
RESULTS AND DISCUSSION
In the present study, mouse fibroblasts, NIH-3T3 cells, were cultured on control plastic and a silk fibroin film sheet SILK I as the cell scaffold. Figure 1A shows the arrangement of B. mori silk fibroin chains with type II β-turn conformation through intra-and inter-molecular hydrogen bonding formations. The silk I structure was proposed by solid state NMR and X-ray diffraction methods. 6) In this study, we examined the cell shape, adhesion, cytoskeletal organization, and matrix production of fibroblasts cultured on the SILK I film sheet. The SILK I was placed on the center of each plastic well plate and fibroblasts were cultured on the control or the SILK I within the same culture well schematically shown in Fig. 1B . Then, we observed cell attachment, cell shape and matrix production, and total RNA extraction was performed. First, we observed cell adherence and shape in 2 hr cultures (Fig. 1C) . Fibroblasts cultured on control showed a spreading patterns and well-organized cell apophysis was formed. In the same well, fibroblasts cultured on the SILK I showed apparently round shapes without formation of apophysis, and the quantitative ratio of the cells without cell apophysis was elevated in the cells cultured on SILK I (control 33.8% vs. SILK I 89.4% on 4 mm 2 cultured area). The number of attached cells on the SILK I was same to that on control (data not shown), indicating that SILK I scaffold affects cell shape but not adhesive efficiency in the initial phase of cultures.
To assess further cell shapes and cytoskeletal structures, the actin staining was performed in the early phase of fibroblast cultures. At 2 hr, fibroblasts formed actin stress fibers, and a typical cytoskeletal structure was found in the cells cultured on control. Fibroblasts cultured on the SILK I showed apparent bundles of condensed actin fibers which formed a ring-like structure, and actin stress fibers were not seen in the majority of the cells ( Fig. 2A) . At 24 hr of the culture, the cells started to proliferate, and showed spindle shape in both control and SILK I, but some cells cultured on the SILK I were still round with dense actin fibers (Fig. 2B) . These results suggest the SILK I affects cell shape and cytoskeletal organization in fibroblasts.
Raw silk contains both silk fibroin and silk sericin proteins. A previous report showed the shape of fibroblasts cultured on different concentrations of fibroin and sericin protein. 8) In a surface electron microscopic observation using fibroblasts cultured for 17 hr, the increased concentration of sericin in fibroin induced cell shrinkage and that was resulted in small size and irregular cell shape. In our study, fibroblasts cultured on the SILK I, pure silk fibroin, showed round-shape of the cells with well organized actin cytoskeleton. Therefore, we concluded that the SILK I consisting pure silk fibroin without sericin was adequate for viability and proliferation of fibroblasts. Further analyses are needed to define the influence of sericin contents in the silk fibroin scaffold in terms of fibroblast viability. The other definitive factor for cell function on silk scaffolds was the castration processes to form the structured film sheet. In previous studies, the processes to form silk film sheet by the methods of electrospinning and methanol casting promoted the formation of β-sheets in different methods. 9, 10) In the present study, we made a unique type of castration method under a high humidity atmosphere to promote forming β-sheet to form insoluble silk I film sheet as SILK I without any spinning or saturation of organic compounds.
Fibroblasts are from a mesenchymal cell lineage, producing various ECMs such as type I collagen and fibronectin. We examined whether SILK I could promote matrix production by fibroblasts over a long culture period. Fibroblasts started to proliferate on day 1 in the culture area in both control and SILK I, and both cells gradually became denser on day 5 to start matrix production. On day 11, matrix accumulation was clearly observed in the cells cultured on SILK I. Then, piled matrices produced by fibroblasts and matrix nodules have been shown distinctly in the cells cultured on SILK I compared with cells cultured on control on day 14 (Fig. 3A) . Therefore, the SILK I scaffold could enhance matrix production by fibroblasts. Type I collagen is a fibrous protein with highly repetitive amino acid sequences and is a candidate material for autograft. 12) Skin contains abundant type I collagen as ECM, and several roles of the collagen molecule in skin regeneration were previously reported. 13) In addition, both collagen and fibronectin could act as an important matrix protein for epithelial migration and proliferation. 14) To determine the expression profiles of genes related to component of ECM formation, total RNA was separately collected from cells cultured on the control or SILK I on day 14. Using RT-PCR, the mRNA expression was examined for col1a1 and col3a1 for the production of type I and III collagens and fibronectin for the sources of integrin ligand. The expression of col1a1 and col3a1 mRNAs was detectable in the cells cultured on the SILK I, and the expression level was similar to that on the control (Fig. 3B) . On the other hand, the expression of fibronectin in the cells cultured on SILK I was higher than that on the control (Fig. 3B) . A previous study reported the matrix ligand contains an RGD sequence which binds to α2β1 integrin to stimulate autologous production of various cytokines. 15) It is well known that fibronectin possess RGD sequence, and facilitates dermal fibroblast migration during wound healing. 16) In this study, fibroblasts cultured on the SILK I showed the enhanced expression of fibronectin, suggesting possible roles of fibronectin in cell migration and scaffold condition for skin fibroblasts wound healing.
In the present study, a novel SILK I film organized with a β-turn structure affected cell shape and cytoskeletal organization, and enhanced matrix production by fibroblasts. In the trials for the cell scaffold innovation, SILK I that materialized from pure silk have multiple potential to apply for regenerative treatment such as burns or large clefts in various skin wounds with diseases.
